Abstract-
I. INTRODUCTION
The devices in a traction drive inverter in HEVs are typically kept below the maximum operating temperature by utilizing a dedicated cooling system that circulates radiator fluid to remove the heat from the devices. This circulating fluid is a source of weight that increases the demands of the power train to drive the vehicle. The weight of the cooling system is a function of the bulk amount of coolant fluid stored onboard the vehicle which is related to the properties and the efficient use of the coolant. Reducing the amount of fluid stored onboard on a HEV can be accomplished by changing the manner in which this fluid is utilized to cool the switches and diodes or by changing the coolant fluid itself.
Air-cooling of an inverter is significantly more difficult than the traditional methods that involve liquid-cooling. Air has a much lower thermal conductivity than most liquids, and as a result air-cooling systems typically have lower heat transfer coefficients than liquid-cooling systems. Liquidcooling systems are more complicated than air-cooling systems primarily because they operate on a closed loop, i.e., the coolant is recycled through the system. This closed loop operation requires a separate heat exchanger to transfer the heat to the atmosphere. On the other hand, air-cooling systems operate on an open cycle. The coolant, ambient air, is taken in from the surroundings. At the exit of the air-cooling system, the heated coolant is exhausted to the surroundings. This type of open cycle operation eliminates the need for a heat exchanger within the loop to reject the heat to the surroundings.
The motivation for air-cooling is system savings in cost and weight. One of the key enabling technologies for aircooling is the WBG device technology. The recent development of Silicon Carbide (SiC) devices has shown that these devices can operate at higher temperatures. This specific characteristic of SiC devices along with other benefits of low losses makes air-cooling a viable option for traction drive inverters. Lowering cost, weight, and without increasing volume beyond that required for a comparably rated liquid-cooled system is important for the automotive industry. These challenges were met by taking advantage of the high temperature properties demonstrated in SiC devices and by replacing a liquid coolant loop with one that utilizes ambient air [1] [2] [3] [4] . Air-cooled inverters are currently used in Honda's commercial HEVs [5, 6] . Several air-cooled systems (up to 10 kW) using SiC devices have been demonstrated [7, 8] .
However, designing an air-cooled inverter for a 55-kW traction drive, while keeping the overall volume comparable to a liquid cooled system, is a significant challenge. The purpose of this study is to determine the thermal feasibility of using air to cool an axial flow cylindrical 55-kW traction drive inverter. For such a design to be realistic the heat generation from the electrical loss models of these devices was incorporated. The loss models for the SiC MOSFETs and diodes were developed using experimental device performance data. A 55-kW axial-flow inverter was designed to meet (a) the thermal requirements of the package while (b) keeping the overall pressure drop low to reduce blower power requirements, and (c) maintaining the overall volume to be comparable to a corresponding liquid-cooled system. The thermal design of the package and the inverter circuitry layout were done concurrently in an integrated and iterative manner. The temperature-dependent electrical properties and losses were incorporated in determining the performance of the design. Steady state and transient thermal analysis of the designed inverter were performed. Transient performance under different combinations of operational parameters is also presented. A special steady-state was developed to confirm the temperatures from the transient cases. Thermal feasibility was demonstrated with respect to electrical and mechanical constraints and input parameters chosen to represent harsh conditions encountered in the automotive environment. The flowing sections will illustrate the feasibility analysis performed.
II. INVERTER DESIGN LAYOUT
A cut away view of the axial inflow inverter design is shown in Fig. 1 and an expolded view in Fig. 2 . The arrows show the direction of airflow. Air enters axially into the cylindrical inverter. The inverter is made up of nine modules representing three legs of the inverter. Each module has two halves and each half consists of three SiC MOSFET power switches and three JBS diodes that are mounted to the top of a direct-bond aluminum (DBA) structure. These two halves of the inverter card are housed inside an aluminum structure having 30 cooling fins on each of the two outside surfaces for cooling by air. Flow guides ensure that the air flows effectively around the fins without adversely affecting the pressure drop. The top of the DBA structure is segmented to connect to the capacitor on the lower half, a gate driver in the middle, and the external phase connection on the upper half.
The circular capacitor at the bottom has tabs that are connected directly to each side of the module and current flows through a capacitor bus which consists of a positive and negative layer separated by an aluminum nitride electrical isolator. The capacitor bus is given structural rigidity by bolting it to the thermal barrier.
The inverter outer diameter and height are 239 mm (9.4 in.) and 115 mm (4.5 in.), respectively. The total volume of the device as shown is 5.1 liters (313 cubic inches). The exit diameter at the bottom of the inverter is 100 mm (4 in.), which is also the inner diameter of the cylindrical capacitor.
The external frame is completed with a top enclosure lid, which is made of a metal mesh screen to which the inner hub is mounted. The airflow will be driven by a fan (not shown) to be mounted on the top. Each module is held in place by fitting into grooves on three sides of each module, and the top enclosure that fastens to the housing is against each module on the top (fourth) side. Three modules have one external connection that serves as one phase. The three external phase connections protrude outwards at 120° apart from one another, and one set of external gate driver connections that protrude out of each module can be found inside the inner hub where the gate driver is to be housed.
The inner-connectivity of the modules and the phase connection to external systems consist of simple aluminum components that line the inverter housing and connect modules behind the flow partitions. 
EXTERNAL

III. OVERVIEW OF THE DESIGN METHODOLOGY
The thermal performance of an inverter is based on the heat generated by the losses in the devices. The loss model correlation equations used in the inverter design are very critical and significantly impact the design process. For both steady-state and transient solutions, heat generation is based on the device power loss equations which are dependent on electric operational parameters of the devices (switching frequency, current, and voltage) and the junction temperature, T j . These equations were generated from data obtained from testing the 1200 V, 100 A SiC MOSFETs and diodes. The heat generated from each device was determined from device testing and the dependency of device parameters on T j were modeled as a polynomial with the coefficients determined from curve-fitting the experimental data. Additionally, the switching losses are scaled based on the current and voltage from which the experiments were performed. The device characteristics were presented in [9] .
It should be pointed out that the correlations are valid for junction temperatures up to 175 °C. When model solutions indicate junction temperatures in excess of this value, they represent extrapolations of the equations beyond the range of the experimental data used in developing the correlations. In the steady-state case, current is kept constant, and in the transient case, the current is a function of time as obtained from the US06 drive cycle.
The problem is solved using the logic shown in Fig. 3 , outlining how the input parameters are used to obtain a solution that translates to thermal feasibility and performance of the air-cooled inverter. A unique aspect of this project is the iteration on T j , shown as a feedback loop in Fig. 3 . The initial condition describes the initial temperature distribution within the entire system. Using the initial temperature of each device based on its physical locations (T j ) the initial value of heat generation due to conduction and switching losses for each MOSFET and diode are calculated. Using these values together with the inlet air temperature, ambient air temperature, and air flow rate, the entire turbulent flow and temperature fields are determined including the junction temperatures. Succeeding iterations of junction temperature also iterate on T j until a converged solution is obtained. Thus in steady-state operation, the actual losses of the inverter can be determined from the converged solution and an accurate inverter efficiency which accounts for junction temperature variations can also be calculated. In transient investigations, the convergence on T j and total energy losses is necessary in order to proceed from one step to the next time step. This approach is an accurate way to model the heat generation of the SiC MOSFETs and diodes as a function of junction temperature.
This methodology provides a novel approach towards inverter thermal design. Having made the models more realistic with a junction-temperature-based power generation, a parametric study of varying global inlet temperatures and flow rates was performed to obtain the thermal performance information of a single power module of the inverter. In this design, the nine power modules are positioned symmetrically and the flow and temperature fields will be identical in all modules. Therefore, the solution for one single module is sufficient and it also reduces the computational resources needed. Each of the devices in the power module were modeled with its own feedback temperature loop to simulate the varying junction temperatures based on device position in the flow field and relative positioning to other thermally generating devices. The simulations also provided the information regarding the gate driver connection temperatures, capacitor temperature and phase connection temperatures. 
IV. MODELING PARAMETERS
Competitive design targets are set in order to confidently claim the applicability of this investigation to industrial needs. The EPA designated a supplemental procedure "US06" and is representative of 596 seconds, 8.01 driven miles, and an average speed 48.37 mph. This data was used to calculate electric current that would be encountered in a HEV power inverter shown in Fig. 4 . Fig. 4(b) is the absolute value of the current, which was used in the loss equations.
It can be observed that the US06 Drive Cycle can be segmented into three sections, which are (0, 192) seconds, (192, 482) seconds, and (482, 602) seconds. The respective time-integrated average current for these three time intervals are 56, 34, and 82 A and are represented by the red horizontal line in Fig. 4 (b) for each interval. A steady-state simulation can be appropriately evaluated at the highest inverter current of the time intervals, 82 A to evaluate the steady-state thermal performance to compare with the temperatures in a transient analysis.
The axial inflow inverter utilizes the radial symmetry and has an angle between symmetry planes. It is assumed that that each MOSFET power switch and JBS diode will be supplied the same current. The heat generation model plotted in Fig. 5 is for 27 A that is the near maximum value of the US06 drive cycle plotted in Fig. 4(a) . The heat generation model is plotted at 650 V, 10 kHz and 27 A. The current for a special steady-state simulation at the highest time-integrated current level is 9A.
The cylindrical shape of the axial inflow inverter concept takes advantage of convenient placement of an axial fan as well as a cylindrical ring capacitor. The capacitor is modeled as a homogeneous medium with an effective thermal conductivity, heat capacity and density.
For this project the capacitor dissipation was calculated to be 10 W. A computer simulation that models a 40° sweep of the annular inverter will generate 1/9th of this amount of heat.
V. SIMULATION RESULTS
A. Flow Results
The numerical results characterizing the flow properties of the inverter are obtained for an inlet air flow rate (cfm) per unit cell and are presented in terms of pressure drop through the inverter and ideal blower power requirements in Table I . 
B. Steady-State Thermal Modeling Results
The thermal performance of the inverter under steady operation was determined and the results are presented in terms of the maximum junction temperature. Additionally, as junction temperature drives or modifies the heat generation rate, not all diodes and MOSFETs will have the same junction temperature. The power dissipation (E gen ) in Table II represents the sum of all dissipation rates of individual devices. These steady-state results for the final configuration are presented for this design for two flow rates as a function of air flow rate for a fixed set of electrical parameters as shown in Table II . It can be seen that for a given inlet air flow rate, the T j,max increases with inlet temperature of air. Increasing air flow rate by 20% decreases T j,max substantially. 
C. Transient Analysis
The parametric study is conducted using the values summarized in Table III The results of these simulations are summarized in Table  IV . In the table, the simulations are numbered 1 through 16 for each combination of the parametric values. The maximum temperature in the table, T j,max , is the maximum junction temperature among all the devices at a given instance of time for one cycle.
The strongest impact on the maximum temperatures shown in Table IV is the ambient temperature, Tamb. Of all the cases, the highest maximum device junction temperature, Tamb, for the lowest airflow, and higher ambient temperature, voltage, and switching frequency is 164°C (327 °F) (Case #8 in Table 4 ).
The cases for which Tamb,= 120°C, the maximum temperature at the end of cycle is less than the initial temperature, which is an important indication that a simulation of multiple cycles will not exceed the maximum temperature reported in Table IV .
It should be noted that when Q = 30 cfm, T amb = 50°C, V = 650 V and f sw = 20 kHz (Case #4), the final temperature is 111°C. The temperature profile of a second transient cycle will be nearly identical to the temperature profile of the first cycle with (Case #8) with the difference being that the surroundings is still at 50°C. It can be inferred from this result that the maximum temperature will not exceed 164°C for any Tamb < 120°C. The maximum junction temperature profiles with respect to time are presented in Fig. 6 through Fig. 10. Fig. 6 and Fig. 7 show the temperature profiles of all 16 of the transient computations and is segmented into separate plots for fixed Q and V and varying Tamb and fsw. The temperature profiles for Q = 60 cfm in Fig. 7 are less distinguishable from one another when compared to the temperature profiles for Q = 60 cfm in Fig. 6 . This is because with increasing airflow rate, the heat transfer coefficient and the ability to cool the system increase. At Q = 60 cfm, the results show that the increased heat loads associated with changes in parameters such as V, fsw, etc. on T j,max are not as significant. However, at Q = 30 cfm the cooling ability of air is lower and makes the system more sensitive to changes in heat load associated with the parameters mentioned above.
The succeeding plots, Fig. 8 through Fig. 10 , present the results showing the influence of changing one parameter at a time on T j,max while holding all others constant in order to characterize the system sensitivity to each variable. When one parameter is varied to reproduce two temperature profiles for each figure, the remaining fixed parameters take the values Q = 30 cfm, T amb = 50 cfm, V = 650 V and f sw = 20 kHz. These values are chosen for which higher maximum temperature is expected.
The effect of each parameter on maximum junction temperature for the fixed values specified are quantified by taking the absolute value of the difference of the temperature profiles in subplot (b) and plotting the result ( ¨T) in subplot (c) of each corresponding figure in Fig. 8 through Fig. 10 .
Parameter
Units Range Table IV . This is because as the inlet temperature is 50°C the system temperature decreases over time from the initial ambient temperature. The results for T abs = 50°C demonstrate the most model sensitivity to voltage at the lower air flow rate and higher frequency as shown in Fig. 10 with a maximum absolute temperature difference between the two temperature profiles of Fig (b) of 33°C. This low flow rate and higher frequency combination represents the worst case scenario as far as T j,max is concerned.
D. Special Steady-State Results
The overall energy balances for the transient simulations could not be directly evaluated; a check case for the transient simulation results was conceived and implemented. The check case is a special steady state simulation for the estimation T j,max of all devices. For this model, the current distribution of the US06 Drive Cycle, shown in Fig. 4 , may be taken to have three distinct patterns; a relatively higher level of current in the beginning up to about 192 s, followed by a lower level of current up to a time of 482 s, and ending with a third higher level of current. The steady-state results are computed for a current of 82 A, because this value represents the highest time-integrated absolute US06 current. In the three time intervals, an integrated average value of current is computed and the results are shown in Table V . Additionally, the most demanding case (low flow rate, high ambient temperature, and high switching frequency) parameters are chosen for the steady-state analysis. More specifically, the steady-state model is computed for Q = 30 cfm, T amb = 120°C, V = 650 V and f sw = 20 kHz. The solid domain surface temperature plot is presented in Fig. 11 showing the temperature of the module. The outer wall of the module is exposed to the ambient environment at 120°C, which is why the maximum temperature (125°C) in Fig.11 is in excess of the ambient temperature. The capacitor temperatures ranged from 64°C to 74°C and are not shown in Fig.11 . The resultant junction temperatures are determined and compared to those resulting from the steady state and full cycle transient simulation in Table VI . It should be noted that the total power dissipated in this special model will be higher than that dissipated over the entire US06 drive cycle.
It also be noted that T inlet = T amb = T initial = 50°C for all steady state cases, the special steady-state case and some of the transient cases. T inlet = 50°C, T amb = T initial for other transient cases. A summary of results in presented in Table VI. VI. CONCLUSIONS Full three-dimensional turbulent-thermal-fluid models of the designed axial-flow inverter were developed and the thermal feasibility was established using numerical computational methods by finite element analysis. Although computational results govern the analysis, experimental results are used to model the heat generated from each of the heat-generating devices. The heat generation is modeled as a function of the junction temperature, current, voltage, and switching frequency. The design had flow partitions that guide the flow of air towards the fins of each module to lower the pressure drop through the system. The ideal blower power input required for an axial fan is 540 cfm at 312 W. The parametric values in this investigation represent values that are encountered for automotive applications. For the parametric variables studied, the lowest air flow rate in this investigation is 30 cfm, and the highest values of the other parameters simulated are ambient temperature, 120°C; voltage, 650 V; and switching frequency, 20 kHz.
When the model is subject to one or multiple current cycles, the maximum temperature does not exceed 164°C (327°F) for the combination of parameters studied that will yield the highest temperature profile.
Although the maximum temperature in one cycle is most sensitive to ambient temperature, the effect of ambient temperature decays after approximately half the duration of one cycle. Of the parametric variables considered, the system is most sensitive to inlet air flow rate. From the results presented and discussed, the following conclusions are drawn: 
